Objective: We investigated the association between 52 risk variants identified through genomewide association studies and disease severity in multiple sclerosis (MS).
Environmental risk factors for MS include infection with Epstein-Barr virus, tobacco smoke exposure, low serum levels of vitamin D, and childhood/adolescent obesity. 6, 7 With the exception of tobacco smoke and low vitamin D, 8, 9 environmental influences on MS disease severity are unknown.
Through international collaboration, genome-wide association studies (GWAS) followed by replication have identified a large number of non-MHC MS risk variants. 10, 11 We hypothesized that MS risk variants might also influence disease severity. We investigated the association of the Multiple Sclerosis Severity Score (MSSS) with both a weighted genetic risk score (wGRS) and unweighted genetic risk score (GRS) comprising 52 established risk variant alleles, and each susceptibility variant alone in 7,125 MS cases from 10 independent cohorts.
METHODS Study populations. Ten independent and wellcharacterized MS case data sets were analyzed (table 1). The analysis included 1,079 white non-Hispanic MS patients recruited from Kaiser Permanente Medical Care Plan in the Northern California Region (KPNC). 12 The following additional cases were included: 1,019 MS white non-Hispanic patients recruited from 2 other clinical sites in the United States (US1 and US2) 5 ; 422 MS patients recruited through a population-based study in Oslo, Norway (Norway) 13 ; 2,348 MS patients recruited through a population-based study in Sweden (Sweden) 14 ; 890 MS patients from a cohort in Denmark (Denmark) 11 ; 485 white non-Hispanic MS patients from a University of California San Francisco (UCSF) 15 cohort; 678 MS patients from 2 cohorts recruited in Italy (Italy1 and Italy2) 10, 16 ; and 204 patients from a Tasmanian cohort study (Australia). 17, 18 Each case included in the metaanalysis fulfilled disease criteria for MS. 19 Classical HLA-DRB1*15:01 typing was used in the KPNC, Sweden, and UCSF studies. Validated tagging single nucleotide polymorphisms (SNPs) for DRB1*15:01 were used in the US1 and US2, Italy1 and Italy2, and Australia (rs9271366), Norway (rs9270986), and Denmark (rs3135388) studies. Each of these tagging SNPs was tested against the classical high-resolution HLA-DRB1 typing performed in the KPNC data set; the correlations (r 2 ) were 0.99, 0.91, and 0.95, respectively.
Standard protocol approvals, registrations, and patient consents. Each study protocol was approved by the appropriate Institutional Review Board of the participating academic institution. All participants provided written informed consent. Genotyping and imputation. In addition to HLA-DRB1*15:01 (described above), a group of 52 independent non-MHC GWAS SNPs were chosen for the present study. They were selected because they were previously identified and further replicated through GWAS, and they demonstrated larger magnitudes of effect on disease risk. In the Australia data set, 15 SNPs were missing: rs1323292, rs7522462, rs17174870, rs10201872, rs669607, rs12212193, rs17066096, rs13192841, rs354033, rs1520333, rs10466829, rs2119704, rs7200786, rs13333054, and rs2425752. Genetic data within 1-MB regions around all missing SNPs were available for each patient; therefore, imputation was possible against the 1000 Genomes reference. After imputation, missingness was lower than 2% in all cohorts. However, to recover all missing genotypes, the risk allele frequency from each cohort was used to estimate the missing genotypes. The estimation for each individual was made using a multinomial distribution generated from 1,000 random samples from each respective cohort. The probability for each of the 3 possible genotypes was generated. When a single genotype was missing for an individual, one sample was drawn randomly from the generated distribution from that cohort. This was done for a total of 146 individuals (KPNC 5 Weighted and unweighted genetic risk scores. wGRS was calculated for each MS patient using the discovery odds ratios (ORs) as the weight for each of 52 non-MHC risk alleles derived from 9,772 MS cases and 17,376 controls, 10 as previously described. In brief, the number of risk alleles for each SNP was multiplied by the weight for that variant, and then the sum across all 52 variants was calculated (table 1) . 10, 20 GRS was calculated as the sum of risk allele copies for each SNP without weighting (table 1) . Both wGRS and GRS were analyzed as continuous variables.
Multiple Sclerosis Severity Score. MSSS is a probabilistic algorithm that uses the Expanded Disability Severity Scale (EDSS) to calculate disease severity and duration of disease, which was defined as time between first symptom and EDSS assessment. 21 The MSSS for each patient in the current study was assigned using Global MSSS reference data derived from a large independent cohort of 9,892 patients with EDSS and disease duration ranging from 1 to .30 years. EDSS scores from a pooled reference patient cohort were ranked as previously described, 21 and the average of the lowest and highest ranks for each possible EDSS value was calculated, taking into account also, scores reported for 2 years before and after each designated time point. These averages were normalized to account for the number of available assessments for each year (disease duration) and multiplied by 10. MSSS was analyzed as a continuous variable and as 2 dichotomous variables, as previously described. 5 In brief, a binary MSSS variable was based on the median MSSS value, defined as MSSS #5 vs .5, with a smaller score indicating more benign or "mild" disease. The second variable was based on extreme ends of the MSSS distribution, defined as MSSS ,2.5 (benign) vs $7.5 (severe) (table 1, figure 1 ).
Statistical analysis. All 10 data sets were included in a randomeffects meta-analysis. Random-effects meta-analysis allows for heterogeneity across studies because of inherent differences and/or differential biases among each cohort, unlike fixedeffects models, which assume a single common effect underlies each study. A random-effects meta-analysis is generally more conservative, generating wider confidence intervals (CIs) and larger p values. Weighted and unweighted GRS, and all 52 non-MHC risk variants, were tested with the 3 MSSS outcomes in the meta-analysis.
In addition, analyses restricted to cases with a preestablished disease duration greater than or equal to 10 years were conducted to increase the likelihood that the MSSS measurement was stable. Both adjusted linear and logistic regression models were used to estimate adjusted beta values (b), ORs, and 95% CIs. The meta-analysis was adjusted for sex, age at onset, and HLA-DRB1*15:01. All analyses were conducted in STATA v13.1 (StataCorp, College Station, TX). The present study had sufficient power for all analyses (table e-1 at Neurology.org/ng).
RESULTS A total of 7,125 individuals were included in the meta-analysis of the 3 MSSS outcomes (table 1) . The overall distributions of MSSS demonstrated similarities across individual cohorts (figure 1) and were comparable to those in other cohorts reported previously 21 ; however, there were some notable differences. Cohorts from Nordic countries and Italy had a larger proportion of cases with greater disease severity; disease duration, on average, was shorter in the Swedish and US (UCSF) cohorts ( 22 The non-MHC wGRS and GRS were similar across cohorts (figures e-2 and e-3).
Meta-analyses accounting for the random effect of each cohort were used. We observed some evidence for association with wGRS and GRS for the MSSS outcomes (table 2) . However, after restricting the data set to individuals who had a disease duration of 10 years or more, no significant associations remained (table e-2). Sex, age at onset, and HLA-DRB1*15:01 status were all analyzed as fixed effects. Sex and age at onset were consistently associated with MSSS in all 3 models, even after restricting to individuals with 10 years or more of disease (all p values ,0.001) (table 2 and table e-2) . Male sex and a later age at onset were both associated with more severe disease. HLA-DRB1*15:01 was not associated with MSSS in any of the models.
The 52 non-MHC risk variants were also tested individually in random-effects meta-analytic models adjusting for sex, age at onset, and HLA-DRB1*15:01 across all MS cases (full cohort), and in MS cases with disease duration of 10 years or more (restricted cohort) (table 3, table e-3). In the full cohort, 2 variants showed evidence of association for all 3 MSSS outcomes: rs874628 and rs650258, within MPV17L2 and 44-kb upstream of CD6, respectively. Similar results were observed in the restricted cohort (data not shown). All associations were in the same direction as the wGRS and GRS. However, after accounting for multiple testing, no single variant remained significant. When analyses were stratified by DRB1*15:01-positive and -negative carrier status in cases, results were similar (data not shown). We also restricted the above analyses to combined US, European, and Australian cohorts separately and did not observe any cohort-specific associations between MSSS and the wGRS or GRS (data not shown). DISCUSSION The identification of diseasemodifying genes in MS is critical to further our understanding of disease pathogenesis, given the phenotype heterogeneity observed in patients for clinical manifestations, temporal course, and disease severity. This important topic has been previously reviewed, and several challenges have been described. 23 Minimal progress has been made in the past decade owing mostly to the need for large, welldesigned studies to detect presumably modest genetic effects, similar to what has been observed for GWAS, and clinical outcome data for large numbers of patients that accurately capture measures likely to be modified by genetic variation. Here, a metaanalysis of association between 52 established non-MHC MS genetic risk factors with larger effect sizes demonstrated in GWAS and disease severity was performed. Thus far, this is the largest combined MS patient cohort used to evaluate the relationship between established risk variants and disease severity. Ten independent and well-characterized data sets comprising 7,125 individuals with clinically definite MS were studied. The hypothesis that one or more known MS genetic risk variants are also associated with disease severity characterized by MSSS was comprehensively tested. Genetic factors that influence disease susceptibility tested here were not shown convincingly to affect disease severity. The individuals included in this analysis are representative of the international MS population with regard to sex distribution, average age at onset, and proportion of HLA-DRB1*15:01 allele carriers. Male sex and older age at onset were associated with more severe disease, which is consistent with other reports. 24 While HLA-DRB1*15:01 is an established risk factor for MS, it was not associated with MS disease severity here, as in previous studies that examined MSSS 3,5 and brain atrophy. 25 Available MS family data show that familial factors do not substantially influence eventual disease severity. However, they may increase the probability of a progressive clinical course, either from onset or after a phase of relapsing remitting disease, and evidence suggests that genetic influences are involved. 26 Findings from studies of other neurodegenerative diseases, such as Alzheimer disease and Parkinson disease, have linked disease progression with specific genetic markers, also raising the possibility that MS progression might have a genetic component, 27, 28 given evidence for both neurodegeneration and inflammation in MS. However, to date, there has been limited success identifying non-MHC genetic associations with disease severity or other clinical phenotypes in MS. One study showed that a small subset (n 5 16) of risk variants investigated in the present study was not associated with clinical and MRI outcomes in 179 recently diagnosed MS patients. 29 However, the cumulative burden of non-MHC risk variants (n 5 110) contributed modestly to the number of relapses in 842 MS patients. 30 Furthermore, some variants studied (n 5 17) were associated with attack severity, recovery, or frequency in 503 recently diagnosed MS cases. 31 Relapse data were not available for the present study. These observations require further investigation and much larger samples sizes for confirmation. The most compelling evidence for genetic associations with cerebrospinal fluid antibody levels, both immunoglobulin G index and oligoclonal band positive status, was reported recently for MHC and immunoglobulin heavy-chain region genes in 6,950 patients. 32 Both antibodies are markers of more severe disease in MS. The results, in conjunction with the present study findings, underscore the need for new studies to identify or exclude genetic contributions to disease severity in MS.
There is evidence in animal models related to MS to suggest that risk alleles have an effect on progression. The experimental autoimmune encephalomyelitis (EAE) model, which mirrors an inflammatory autoimmune disease of the central nervous system in rats and mice, has offered numerous experimental insights into MS. When genetically dissected into high-resolution quantitative trait loci, Eae25 and Eae29 have been shown to influence both susceptibility and progression. 33, 34 In addition, differential expression of an interleukin 2 (IL2) repressor in the gene ZEB1 results in EAE severity changes. 35 Similarly, congenic rats with Eae18b locus have been Continued shown to develop milder disease, with decreased demyelination and reduced recruitment of inflammatory cells to the brain. 36 Evidence for multiple linked quantitative trait loci within the Tmevd2/Eae interval controlling disease severity in mice has also been reported. 37 However, these findings have not been replicated in humans.
The present study had many strengths. First, the MSSS has been favored over EDSS to capture disease severity in MS because it incorporates disease duration to account for time. 21 This approach builds on earlier work 38 and is advantageous for large studies where EDSS measurements may have only been recorded at a single time point. We used data from a large, independent cohort reference (Global MSSS) to assign MSSS for each case in the present study. Sparse data were therefore avoided for cells in the reference table and potentially much larger variances, and missing data, in general; both could result from small sample sizes if our cohorts, which vary greatly in size, had been characterized instead by local MSSS. 21 Furthermore, the large sample size used to create the Global MSSS made it possible to reduce the effect of stochastic fluctuations over time. Specifically, EDSS scores in the surrounding 2 years for each disease duration year are accounted for in the ranking; very large data sets are required to do this. It is important to note that the Global MSSS reference data set is at least ;5 times larger than the largest individual cohort in the present study. The power of Global MSSS for genetic studies based on the large pooled reference data has also been previously demonstrated. 21 Additional strengths included application of a statistical model for association testing that accounted for random (cohort) effects, and we adjusted for potential confounders such as age and sex. Moreover, use of MSSS extremes analysis reduced the possibility of phenotype misclassification because individuals with benign disease were compared with individuals with severe disease, and individuals in the middle of the MSSS spectrum who are most likely to be misclassified were excluded. While restricting analyses to extreme categories of MSSS reduced the overall number of individuals in our data set, given our overall large sample size, close to 4,000 individuals were still available for association testing.
Analyses were also restricted to individuals with 10 or more years of disease duration since symptom onset, to help ensure stability of the MSSS. At least 1 year of duration is required before the EDSS can be used to calculate the MSSS with the published algorithm. 21 Median time to requiring unilateral assistance ranges from 15 to 30 years in MS, based on the present estimates. 24 Conservatively, the present study used disease duration near the median value for the overall data set (table 1), but before the early end of the transition to requiring unilateral assistance (or an EDSS of 6). When analyses were restricted by disease duration ($5, $10, $15, and $20 years), wGRS, GRS, and individuals SNPs (data not shown) were not associated with any of the 3 MSSS outcomes (figures e-4 and e-5). There were also several limitations in this study. The EDSS used to calculate the MSSS is heavily weighted by physical measurements of disability. While MSSS is a widely accepted measure of disability for MS research, there are concerns about its sensitivity, given that different combinations of disease duration and EDSS can result in similar measures of the MSSS. In addition, it is possible that population-specific EDSS rankings could differ from those derived using the Global MSSS. A genetic association might therefore only be uncovered when a population is examined independently. Even larger studies will be required to determine whether studies of disability based on locally derived values for MSSS reveal population-specific genetic effects. Furthermore, because subclinical disease can occur many years before clinical symptom onset, the measure of disease duration required to derive the MSSS may not be accurate. Recent work shows that age could potentially be used for ranking EDSS in future studies when disease duration is unknown, because the exact age of symptom onset may not be certain. 39 Longitudinal data on progression were not available for cases in the present study. There is also potential selection bias if individuals with mild disease are more willing to participate in research studies than those with severe disease. However, more than 1,100 participants were categorized in the highest or "most severe" MSSS phenotype in the present study (table 1) , which provided a sufficient representation of cases with severe disease. Finally, our negative findings may have resulted from population or individual factors that could be not assessed in the present study. Additional genetic variants (untested), environmental exposures, or medication histories were not available and may distinguish MSSS differences in the presence or absence of the established genetic risk variants that were investigated.
The current data set includes 52 non-MHC MS genetic risk variants, 10 and a larger list of the most recently identified non-MHC MS risk variants through GWAS and follow-up studies is now available. 11 The 52 non-MHC MS risk variants used here were stronger genetic markers of MS susceptibility; the average OR based on GWAS for our 52 non-MHC variants is 1.19 vs average OR for new 48 non-MHC variants, which is 1.09.
10,11 GWAS of disease severity, to date, have not yet yielded new candidates at genome-wide significance 5, 10 ; and while disease risk and severity variants appear to differ in MS, this still remains a question. We have comprehensively pursued testing of the strongest established disease risk variants identified, thus far, for evidence of influence on MS severity. Larger studies of cases with additional genotype data for newly discovered GWAS variants are warranted. Finally, wholegenome data were not available to formally adjust for potential effects of population stratification. However, this was not a case-control study, each cohort was treated separately in the analysis, and consistent nonsignificant estimates for each of the 10 independent cohorts were observed. Our findings in this large, well-powered study are unlikely to result from population stratification.
Results derived from investigation of a large number of recently established GWAS variants in 7,125 MS cases suggest that the genetics underlying MS susceptibility and disease severity, as measured by MSSS, do not substantially overlap. Sensitive measures of severity and progression are needed, and for larger prospective cohort studies of incident cases. Comprehensive quantitative trait data derived from high-resolution brain MRIs can be used as dependent variables for a GWAS, as recently demonstrated with 284 MS patients, 40 or for whole-genome sequencing studies. Longitudinal studies will be informative for genetic investigations. However, such studies will be necessarily balanced by a lack of statistical power to detect modest genetic effects unless very large numbers of individuals can be assembled and followed for long periods of time.
